Background: PAR-2 is a protease-activated, G-protein-coupled receptor involved in inflammation, development, and immunity. Results: The GPI-anchored serine protease testisin activates PAR-2, inducing PAR-2 loss from the cell surface, internalization, and cellular signaling. Conclusion: PAR-2 activation by testisin reveals a unique mode of cell surface PAR-2 regulation. Significance: This is the first report of GPI-anchored protease-mediated cleavage and activation of a PAR.
Protease-activated receptors (PARs) 2 are unique G-proteincoupled receptors that allow cells to sense specific proteases in their environment. These receptors have emerged as attractive therapeutic targets for several inflammatory diseases, including cardiovascular diseases, arthritis, colitis, asthma, neurogenerative conditions, and cancer (1) (2) (3) . PAR activation has been shown to regulate processes important for hemostasis, inflammation, pain, and tissue repair (4) . PARs may be irreversibly activated upon proteolytic cleavage by trypsin-like serine proteases at a specific amino residue in the N terminus of the receptor, which generates a tethered ligand that binds intermolecularly with an extracellular domain of the receptor to cause a conformational change and the activation of site-specific G-proteins. Through the recruitment and phosphorylation of adaptor proteins, the activation of PARs leads to the initiation of distinct intracellular signaling pathways important in a variety of proliferative, survival, and motility-promoting processes (5) .
Four PARs are found in humans and mice. PARs 1, 3, and 4 primarily mediate cellular responses to the coagulation protease thrombin (6) . Human PAR-1 is activated following cleavage at Arg 41 by thrombin, Factor Xa (FXa), and activated protein C (APC) (6) . Human PAR-2 has been shown to mediate cellular responses in vitro following cleavage at Arg 36 by several serine proteases, including trypsin, trypsin IV, tryptase, kallikrein 4, and Factors VIIa (FVIIa) and FXa. The FVIIa-FXa complex must be anchored to the cell surface bound to tissue factor (FVIIa-FXa-TF) to activate PAR-2 (4, 7) . The physiological in vivo activators of PAR-2 are not clearly defined, but there are thought to be several. In the laboratory setting, 6-amino acidactivating peptides (AP) that mimic the tethered ligand of the cleaved PARs are often utilized to study the activation of PARs (6) . Activation of PARs by APs is independent of N-terminal cleavage and can lead to some of the same downstream signaling and receptor processing as is seen when PARs are processed by activating proteases.
The trypsin-like serine proteases represent a large family of proteolytic enzymes, which are historically recognized as soluble circulating proteins involved in digestion, blood coagulation, and homeostasis. In recent years, genome mining studies have revealed a novel subfamily of trypsin-like serine proteases that are directly tethered to the cell membrane (8 -10) . These membrane-anchored serine proteases are synthesized as type I transmembrane, type II transmembrane, or glycosylphosphatidylinositol (GPI)-anchored proteins. The truncated recombinant catalytic domains of several of the type II transmembrane serine proteases have been shown to proteolytically activate PAR-2 in vitro, including matriptase, HAT, and TMPRSS2 (11) (12) (13) (14) (15) . Whether this activity occurs while these proteases are anchored on the cell surface has been less well studied, with the exception of matriptase, which has been shown to activate PAR-2 when expressed as a full-length protein in cells (16 -19) .
Testisin (also known as PRSS21 (20, 21) ) is one of two reported human GPI-anchored serine proteases (22, 23) , the other being prostasin (24) . These proteases have been shown to be compartmentalized at plasma membranes within the microenvironment of specialized cholesterol-rich membrane microdomains or lipid rafts (23, 25) . Prostasin does not activate PAR-2 directly but can induce matriptase zymogen activation resulting in PAR-2 activation and signaling (16, 18) .
Among normal tissues testisin has a remarkably specific distribution, being detected only in abundance in testis (22) , where its genetic deletion results in developmentally damaged spermatocytes (26 -28) . Testisin expression is lost in testicular germ cell tumors (22) and is found aberrantly overexpressed in epithelial ovarian tumors, where its expression has been shown to promote malignant transformation (29, 30) . To date, little is known regarding the identity of testisin's proteolytic substrates that mediate its functions in spermatocytes and tumor cells. Here, we report that testisin functions as a cell surface activator of PAR-2, inducing PAR-2 N-terminal cleavage and internalization and the activation of several PAR-2-dependent intracellular signaling pathways.
EXPERIMENTAL PROCEDURES
Cell Culture and Plasmid Transfections-HeLa cells were cultured and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen) at 37°C in 5% CO 2 . Serum-free incubations were performed in Opti-MEM medium (Invitrogen). HeLa cells were transfected using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's protocol. For all co-transfections, the same total quantity of DNA was introduced by including empty pcDNA3.1 or pDisplay vectors.
Generation of Testisin shRNA Knockdown Cell Lines-Three testisin-specific shRNAs TL310139C (shRNA 1), TL310139D (shRNA 2), and TL310139A (shRNA 3) or scrambled negative control shRNA (TR30021) in pGFP-C-shLenti plasmids were purchased (Origene). Lentiviral particles were produced by cotransfecting HEK293T cells with shRNA plasmid, pCMV-⌬R8.2 packaging plasmid, and pCMV-VSVg envelope plasmid using Lipofectamine 2000. Lentivirus-containing supernatants were mixed with 6 g/ml Polybrene (American Bioanalytical) and applied to NCI/ADR-Res cells. Pools of stably transfected cells were obtained via fluorescence cell sorting based on GFP expression (FACSAria II, BD Biosciences). Knockdown of testisin protein expression was analyzed by SDS-PAGE and immunoblot.
Reagents-Recombinant serine proteases include trypsin (Sigma) and human ␣-thrombin (American Diagnostica Inc., Stamford, CT). The recombinant serine protease domain of human matriptase (rMatriptase) was kindly provided by R. Leduc (31) . Recombinant human prostasin (rProstasin) and mouse testisin (rTestisin) were obtained from R&D Biosystems and activated according to the manufacturer's instructions. The molar active site concentrations of all recombinant proteases were determined by active-site titration with the burst titrant 4-methylumbelliferyl 4-guanidinobenzoate (Sigma) (data not shown) (32) . Human PAR-1 (SFLLRN) and PAR-2 (SLIGKV) APs were purchased from Bachem. Protease inhibitors used include leupeptin, aprotinin, and AEBSF (Sigma) and EDTA (Invitrogen).
Antibodies-Antibodies used were rabbit anti-human ERK1/2 and rabbit anti-human phospho-ERK1/2 (Cell Signaling Technologies), rabbit anti-HA tag and rabbit anti-placental alkaline phosphatase antibody (anti-PLAP) (Abcam), mouse anti-FLAG M2 (Sigma), goat anti-human PAR-2 N-19 and rabbit anti-PAR-1 H111 antibodies (Santa Cruz Biotechnology), mouse anti-human testisin (26) , rabbit anti-human GAPDH (Cell Signaling Technologies), and rabbit anti-GFP (Abcam). HRP-conjugated anti-mouse, anti-rabbit, and anti-goat were obtained from Jackson ImmunoResearch. Fluorochrome-conjugated reagents include anti-mouse AlexaFluor-488 and anti-goat AlexaFluor-488 (Invitrogen).
DNA Constructs-The alkaline phosphatase reporter plasmid for human PAR-1, pCMV.SEAP.PAR-1 (AlkPhos-PAR-1), was a kind gift from J. Trejo (33) . The alkaline phosphatase reporter plasmids for murine PAR-2 and the PAR-2 cleavage site mutant, pCMV.SEAP.PAR-2 (AlkPhos-PAR-2) and pCMV.SEAP.PAR-2csm containing R38A and S39P mutations (AlkPhos-PAR-2csm) respectively, were kindly provided by S. Coughlin (16) . The plasmid for N-terminally FLAG-tagged human PAR-1 pcDNA3.1.FLAG.PAR-1 (FLAG.PAR-1) and N-terminally FLAG-tagged human PAR-2 pBJ1.FLAG.PAR-2 (FLAG.PAR-2) were provided by J. Trejo (34) . The pBJ1. FLAG.PAR-2 plasmid was used as the template for the generation of a PAR-2 cleavage site mutant, pBJ1.FLAG.PAR-2(R36A) (called FLAG.PAR-2csm), using the QuikChange mutagenesis kit from Stratagene (La Jolla, CA) according to the manufacturer's instructions and the following primers: forward 5Ј-GAACCAATAGATCCTCTAAAGGAGCAAGCCTTATT-GGTAAGGTTGAT-3Ј and reverse 5Ј-ATCAACCTTACC-AATAAGGCTTGCTCCTTTAGAGGATCTATTGGTTC-3Ј. The C-terminal GFP-tagged PAR-2 plasmids, pcDNA3.1. BAB-PAR-2.EGFP (PAR-2.GFP) and pcDNA3.1.BAB-PAR-2csm.EGFP containing the R36A mutation (called PAR-2csm.GFP), were kind gifts from M. Hollenberg (35) .
To generate an expression plasmid encoding full-length GPIanchored testisin with an HA tag at the N terminus, full-length human testisin cDNA (22) was amplified by PCR using the following primers, forward 5Ј-GCGCGGAGATCTAAGCCG-GAGTCGCAG-3Ј and reverse 5Ј-GCGGCGTATGTCGAC-TATCAGACCGGCCCCAG-3Ј), and cloned into the BglI and SalI restriction enzyme sites of the pDisplay vector (Invitrogen). The resulting plasmid (pDisplay.Testisin) encodes the mammalian Igchain signal sequence with an N-terminal HA tag inserted in-frame with the testisin cDNA sequence to express HA-tagged GPI-Testisin. pDisplay.Testisin was used as the template for mutating Ser 238 to Ala 238 (pDisplay.TestisinSA) using the QuikChange mutagenesis kit (Stratagene, La Jolla CA) to express the catalytically inactive mutant testisin (GPI-TestisinSA). Primers used were as follows: forward 5Ј-CCT-GCTTCGGTGACGCAGGCGGACC-3Ј and reverse 5Ј-CAG-GCCAAGGGTCCGCCTGCGTCAC-3Ј. All plasmids were verified by DNA sequencing. When expressed in cells, GPI-Testisin and GPI-TestisinSA could be released from the cell surface using exogenous bacterial phosphatidylinositol-specific phospholipase C (data not shown), demonstrating that these proteins were processed normally and tethered to the cell surface by GPI anchors. The luciferase reporter plasmids pSREfirefly luciferase and pRL-Renilla luciferase were the kind gift from T. Bugge (18) and pNFB-firefly luciferase (BD Biosciences and Clontech) was a kind gift from J. Winkles (36) .
Peptide Assays-Chromogenic peptides were purchased from Bachem (Torrance, CA) or synthesized by Peptide 2.0 Inc. (Chantilly, VA). Kinetic assays were performed with 4 nM active rTestisin and 200 M chromogenic peptides. Changes in absorbance were measured at 420 nm using a Tecan GeniosPro plate reader for 30 cycles over 15 min. Protease inhibitors were preincubated (10 M leupeptin, aprotinin, AEBSF, and 1 mM EDTA) with the rTestisin (4 nM) for 10 min, and activity was assayed using the chromogenic succinyl-AAPR-p-nitroaniline peptide. Residual activity was compared with the activity in the absence of inhibitor.
Cell Lysis and Immunoblotting-Cell lysates of transiently transfected cells were prepared using ice-cold lysis buffer containing 1% Nonidet P-40, 0.1% SDS, 0.5% deoxycholic acid, and complete protease inhibitor mixture (Roche Applied Science), or using NuPAGE LDS Sample Buffer (Invitrogen). Cells were lysed 48 h post-transfection unless otherwise indicated. Protein concentrations were estimated using the Bio-Rad protein assay kit. Protein lysates, in the absence (nonreducing) or presence (reducing) of 7% 2-mercaptoethanol, were resolved by SDS-PAGE, and immunoblots were probed with the indicated primary antibody and detected with HRP-conjugated secondary antibody using standard techniques.
Quantitation of Soluble Alkaline Phosphatase Released by PAR Cleavage-The release of soluble alkaline phosphatase (AlkPhos) as a measure for PAR N-terminal cleavage was performed as described previously (33) . Briefly, HeLa or NCI/ ADR-Res control and shRNA-treated cells were transiently transfected with pCMV.SEAP.PAR-1, pCMV.SEAP.PAR-2, or pCMV.SEAP.PAR-2csm. After 48 h, cells were washed and then either treated with the indicated proteases in serum-free media (HeLa cells) or were incubated in serum-free media alone (NCI/ADR-Res lines) for 4 h. The conditioned medium was assayed for AlkPhos activity using the Applied Biosystems Phospha-light detection system and chemiluminescence measured on a Berthold Technologies Centro LB-960 plate reader.
Intracellular Calcium Release-HeLa cells were cultured in 6-well plates on No. 1 glass coverslips and transfected with pcDNA3.1 vector, pcDNA3.1.FLAG.PAR-1, pBJ1.FLAG.PAR-2, or pBJ1.FLAG.PAR-2csm. After 48 h, cells were washed and loaded with Fluo-3 calcium indicator by incubation with 2 M Fluo-3 AM in growth medium for 30 min at room temperature in 5% CO 2 . Thereafter, the coverslip bearing the cells was mounted in an open bottom stainless steel Petri dish containing serum-free growth medium maintained at 27-28°C. Fluorescence images were acquired on an inverted epifluorescence microscope (Eclipse TE200; Nikon Corp., Tokyo, Japan) equipped with a ϫ40 oil immersion objective (SuperFluor, NA 1.4; Nikon). Excitation light (488 nm) was delivered by a xenon source coupled to a monochromator (PolyChrome II; TILL Photonics, Gräfelfing, Germany). Fluorescence was passed through a bandpass filter before capture by a CCD camera (CoolSnap HQ; Roper Scientific, Tucson, AZ). MetaFluor software (Molecular Devices, Downingtown, PA) was used for instrument control and image acquisition and analysis. Image acquisition rate was between 0.33 and 1 Hz. To monitor calcium signaling, cells were imaged as 4 nM rTestisin, and 1 M PAR APs were bath-applied; 300 nM ionomycin (Calbiochem) was used as positive control. Background fluorescence was recorded after end-of-experiment cell lysis with 40 M digitonin (Sigma). At least 100 cells were analyzed from each imaged field; a region-ofinterest was defined for each cell, and the mean intensity within each region-of-interest was determined for each image frame and analyzed as described previously (37, 38) .
ERK1/2 Activation-HeLa cells were transiently transfected with pBJ1.FLAG.PAR-2 or pBJ1.FLAG.PAR-2csm. After 36 h, cells were washed and cultured in serum-free media overnight. Cells were then left untreated or treated for 2, 5, 15, 30, and 60 min with 4 nM rTestisin, 4 nM trypsin, or 100 M PAR-2 AP. Whole cell lysates were prepared and analyzed for p-ERK1/2 and total ERK1/2 expression by immunoblot.
Flow Cytometry-HeLa cells were co-transfected with pBJ1. FLAG.PAR-2 or pBJ1.FLAG.PAR-2csm and pDisplay.Testisin, pDisplay.TestisinSA, or pDisplay vector. 48 h post-transfection, cells were gently lifted with Versene (Lonza) at room temperature. For detection of surface expression, cells were washed with ice-cold FACS buffer (phosphate-buffered saline (PBS) containing 0.5% FBS and 0.025% sodium azide) and incubated with primary antibodies for 30 min on ice. Cells were washed and then incubated with fluorochrome-conjugated secondary antibodies for 15 min on ice. For detection of whole cell PAR-2 and PAR-2csm expression, cells were fixed in 4% formaldehyde for 10 min at room temperature, and antibody incubations were performed in buffer containing 0.5% Triton X-100 to permeabilize cells. Flow cytometry data were acquired on a FACSCalibur (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Surface Protein Biotinylation-HeLa cells were co-transfected with pcDNA3.1.BAB-PAR-2.EFGP, pcDNA3.1.BAB-PAR-2.EFGPcsm, or pcDNA3.1 and pDisplay.Testisin, pDisplay. TestisinSA, or pDisplay vector to equal DNA concentrations.
After 36 h, cells were serum-starved overnight and then labeled with 1 mg/ml EZ-link TM Sulfo-NHS-SS-Biotin (Thermo Scientific) per the manufacturer's instructions. Lysates were prepared in ice-cold lysis buffer, and equal protein concentrations were incubated overnight with immobilized NeutrAvidin (Pierce) at 4°C. The following day, the NeutrAvidin Sepharose-bound proteins were collected by centrifugation and boiled in 4ϫ SDS sample buffer (NuPAGE) containing 7% ␤-mercaptoethanol for immunoblot analysis.
PAR-2 Internalization-The PAR-2 internalization assay was performed as described previously (39) . Briefly, HeLa cells were transfected with either pcDNA3.1.BAB-PAR-2. EGFP or pcDNA3.1.BAB-PAR-2csm.EGFP. After 48 h, cells were labeled with 0.5 mg/ml EZ-link TM Sulfo-NHS-SS-Biotin (Thermo Scientific) per the manufacturer's instructions. Cells were then incubated with culture media containing vehicle, 4 nM rTestisin, or 100 M PAR-2 AP and 20 M MG132 for 5 and 15 min to allow receptor activation and internalization. Surface biotin was removed by incubating cells at 4°C in reducing buffer (50 mM MeSNA, 100 mM Tris, pH 8.6, 100 mM NaCl) for 30 min. Excess MeSNA was quenched with 60 mM iodoacetamide for 15 min in PBS. Whole cell lysates were collected in ice-cold lysis buffer, and equal protein concentrations were incubated overnight with immobilized NeutrAvidin (Pierce) at 4°C to isolate internalized PAR-2. The following day, the NeutrAvidin-Sepharose bound proteins were collected by centrifugation and boiled in 4ϫ SDS sample buffer (NuPAGE) containing 7% ␤-mercaptoethanol for immunoblot analysis.
SRE-Luciferase and NFB-Luciferase Assays-The luciferase assays were performed as described previously (18, 36) . Briefly, HeLa cells were co-transfected with pSRE-firefly luciferase or NFB-firefly luciferase (150 ng) and pRL-Renilla luciferase (20 ng), in combination with pDisplay vector, pBJ1.FLAG.PAR-2, or pBJ1.FLAG.PAR-2csm (300 ng) and either pDisplay vector, pDisplay.Testisin, or pDisplay.TestisinSA (300 ng). After 12 h, the cells were serum-starved overnight and lysed, and luciferase activity was measured using the Dual-Luciferase assay kit (Promega, Madison, WI) according to the manufacturer's instructions. Chemiluminescence was measured using a Berthold Technologies Centro LB-960 plate reader. SRE and NFB activation was assessed as the ratio of firefly to Renilla luciferase counts.
Cytokine Expression-HeLa cells were transiently transfected with pBJ1.FLAG.PAR-2 or pBJ1.FLAG.PAR-2csm and pDisplay.Testisin, or pDisplay alone, and RNA purified using the RNeasy kit (Qiagen) per the manufacturer's instructions. Reverse transcription was performed using TaqMan reverse transcription reagents (Applied Biosystems). Quantitative PCR was performed with TaqMan primers for hIL-8 (catalog no. Hs99999034_m1) and hIL-6 (catalog no. Hs00985641_m1) along with control hGAPDH (catalog no. Hs99999905_m1). Cytokine mRNA levels were calculated relative to GAPDH.
Statistics-Data are presented as means Ϯ S.E. Unpaired Student's t test was used to compare experimental groups that were normally distributed (GraphPad software). p Յ 0.05 was defined as statistical significance.
RESULTS
Catalytic Specificity of rTestisin-In common with other serine proteases, the testisin active site consists of a catalytic triad of amino acid residues His, Asp, and Ser (22) . The presence of the Asp residue at the bottom of the conserved binding pocket predicts that testisin has trypsin-like specificity with proteolytic cleavage after basic amino acid residues, P 1 -Arg or P 1 -Lys, in target substrates (22) . To experimentally investigate testisin substrate specificity, the activity of purified rTestisin was determined using a panel of chromogenic peptide substrates ( Fig.  1A) . Comparing the rate of cleavage of peptide 1 versus peptides 2-4 showed that rTestisin prefers to cleave after P 1 -Arg compared with P 1 -Lys, and it has little preference for hydrophobic amino acids Val and Phe at the P 1 position (Fig. 1A) . To further analyze the enzymatic properties of testisin, the effects of various protease inhibitors on rTestisin activity were investigated using peptide 1. The serine protease inhibitors AEBSF, leupeptin, and aprotinin significantly inhibited rTestisin proteolytic activity, whereas the metalloproteinase inhibitor EDTA had no effect on rTestisin activity (Fig. 1B) .
PAR-2 Is a Testisin Substrate-PAR-activating serine proteases cleave after specific Arg amino acids within the extracellular N-terminal domains of PARs to expose a tethered ligand. When the activity of rTestisin was determined using chromogenic peptide substrates derived from the amino acid sequences of the N-terminal cleavage activation sites of PAR-1 (peptide 5) and PAR-2 (peptide 6), rTestisin was able to effectively cleave the PAR-2 activation sequence, showing preference over the PAR-1 activation sequence (Fig. 1A) .
To further assess the ability of testisin to productively cleave PARs, we transiently transfected HeLa cells with PAR-1 and PAR-2 expression constructs that had secreted human placental AlkPhos fused to their N-terminal exodomains such that receptor cleavage released AlkPhos into the culture medium ( Fig. 2) (16, 33) . Addition of 7.5 and 15 nM rTestisin to HeLa cells expressing AlkPhos-PAR-2 results in a 2-and 3-fold release of AlkPhos activity, respectively, compared with untreated cells. Known protease activators of PAR-2, trypsin and rMatriptase, also released AlkPhos activity from the cells, which was not seen when the cells were treated with rProstasin ( Fig. 2A ). Addition of rTestisin to HeLa cells expressing AlkPhos-PAR-1 did not release AlkPhos activity compared with untreated cells, whereas the known protease activators of PAR-1, thrombin and trypsin, induced efficient AlkPhos release (Fig. 2B) . Mutation of the PAR-2-activating cleavage site (AlkPhos-PAR-2csm) abrogated the release of AlkPhos activity by rTestisin, similar to the inhibition of AlkPhos release by the other PAR-2-activating proteases (Fig. 2C ). Together, these data demonstrate that exposure to testisin results in the productive cleavage of PAR-2, but not PAR-1, and that testisin cleaves PAR-2 at the P 1 -Arg-activating cleavage site that is utilized by other PAR-2 agonists.
PAR-2 Cleavage by rTestisin Induces Transient Intracellular Calcium Mobilization-Productive N-terminal cleavage of PARs generates a tethered ligand domain that induces transmembrane signal activation. Like other G-protein-coupled receptors, the activation of PAR-1 or PAR-2 results in a rapid and transient increase in intracellular calcium (6, 40) . To investigate the ability of testisin to regulate PAR-2 activation, HeLa cells transiently transfected with the PAR expression plasmids, FLAG.PAR-1, FLAG.PAR-2, FLAG.PAR-2csm or vector alone, were loaded with the calcium indicator Fluo-3, which fluoresces brightly when bound to calcium ions (Ca 2ϩ ) and is almost nonfluorescent in the Ca 2ϩ -free form. Treatment of cells expressing FLAG.PAR-2 with 4 nM rTestisin induced a transient rise of cytosolic free Ca 2ϩ concentration (Fig. 3A) , indicating receptor activation. Importantly, rTestisin treatment of cells expressing the PAR-2 cleavage site mutant FLAG. PAR-2csm did not induce calcium release (Fig. 3B) , indicating that rTestisin specifically activates and cleaves PAR-2 at the activation site Arg. As a control for receptor activation, the addition of 1 M PAR-2 AP (SLIGKV), which activates the Testisin Activates PAR-2 FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6
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receptor independent of N-terminal proteolytic cleavage, did evoke a robust Ca 2ϩ signal in cells that express either FLAG. PAR-2 or FLAG.PAR-2csm, showing that both the expressed PAR-2s retain the ability to trigger Ca 2ϩ signaling when nonproteolytically activated (Fig. 3, A and B) . No intracellular Ca 2ϩ response was detected following treatment of vector alonetransfected cells with 4 nM rTestisin or PAR-2 AP (SLIGKV) (Fig. 3D) , demonstrating that the calcium mobilization seen in Fig. 3A is a result of the specific activation of PAR-2 by rTestisin.
Treatment of cells expressing FLAG.PAR-1 with 4 nM rTestisin did not induce a significant Ca 2ϩ signal, providing evidence that rTestisin does not productively cleave PAR-1 to induce intracellular signaling (Fig. 3C) . The expressed PAR-1 was functional because these cells were activated by PAR-1 AP (SRLLRN), which activates the receptor independent of proteolytic cleavage (Fig. 3C) .
Cleavage of PAR-2 by rTestisin Induces Transient ERK1/2 Phosphorylation-PAR-2 activation by trypsin and PAR-2 AP SLIGKV has been shown by others to induce transient phosphorylation of extracellular signal-related kinases (ERK1/2) (40, 41) . When HeLa cells expressing FLAG.PAR-2 or FLAG. PAR-2csm were treated with 4 nM rTestisin, transient phosphorylation of ERK1/2 in cells expressing FLAG.PAR-2 was detected, similar to the signal generated by the PAR-2 activators trypsin and SLIGKV (Fig. 4A ). ERK1/2 phosphorylation was not observed after treatment with rTestisin in cells expressing the PAR-2 cleavage mutant FLAG.PAR-2csm, whereas the addition of SLIGKV resulted in ERK1/2 activation through FLAG.PAR-2csm (Fig. 4B) , showing that the PAR-2csm retains PAR-1. Expression of PAR-1 and PAR-2 also was verified by the calcium signal evoked by the respective activating peptides. Ionomycin, a calcium ionophore that facilitates Ca 2ϩ transport across cellular membranes, served as positive control in all experiments. All reagents were bath-applied. Graphs are representative of two independent experiments. a.u., arbitrary units. the ability to signal when activated. Expression of FLAG.PAR-2 and FLAG.PAR-2csm was verified by immunoblot analysis with an anti-PAR-2 antibody (data not shown). These data show that the productive cleavage of PAR-2 by rTestisin induces receptor activation and the stimulation of downstream signaling pathways documented for other known PAR-2-activating proteases.
PAR-2 N Terminus Is Cleaved by Membrane-anchored Testisin-Testisin is tethered to the cell surface via a GPI anchor (22, 30) . Unlike many other membrane-anchored serine proteases, including prostasin (42), testisin has not been found to be naturally shed from the cell surface. To investigate membranetethered testisin activation of PAR-2 on the cell surface, plasmids encoding N-terminally HA-tagged human testisin (GPI-Testisin) and an active-site mutant testisin, in which the active site Ser 238 was changed to alanine (GPI-TestisinSA), were generated. These plasmids were co-transfected into HeLa cells, which express a low level of endogenous testisin (43) . Nonpermeabilized HeLa cells expressing FLAG.PAR-2 or vector alone, together with GPI-Testisin or GPI-TestisinSA, were stained with anti-FLAG antibody and analyzed by flow cytometry. Cells co-expressing FLAG.PAR-2 and GPI-Testisin showed an 8-fold reduction in cell-surface FLAG compared with cells expressing FLAG.PAR-2 alone or expressing FLAG.PAR-2 and the GPI-TestisinSA mutant (Fig. 5) , indicating that co-expression of active testisin induces release of the N-terminal PAR-2 peptide.
PAR-2 Is Cleaved by Endogenous Testisin-To investigate the cleavage of PAR-2 by testisin in a natural system, we investigated PAR-2 cleavage using NCI/ADR-Res ovarian cancer cells, which constitutively express endogenous testisin. NCI/ADR-Res cells in which testisin expression was silenced by stable expression of three different testisin shRNAs and NCI/ADR-Res cells expressing shRNA scrambled control (Fig. 6A) were transfected with the AlkPhos-PAR-2 reporter, and the release of AlkPhos activity was monitored. Efficient PAR-2 cleavage occurred in the testisin-expressing control NCI/ADR-Res cells, as detected by AlkPhos release, which was significantly reduced by ϳ3-fold when testisin gene expression was silenced (Fig. 6B) .
Testisin Facilitates the Loss of PAR-2 from the Cell Surface by Cleavage at the PAR-2 Activation Site-To further investigate PAR-2 activation by membrane-anchored testisin in HeLa cells, PAR-2 surface expression was also analyzed by flow cytometry using an anti-PAR-2 antibody that detects total PAR-2 (fulllength and cleaved). Cells co-expressing FLAG.PAR-2 and GPI-Testisin exhibit significantly less PAR-2 protein on the cell surface than cells expressing PAR-2 alone or PAR-2 and the GPI-TestisinSA mutant (Fig. 7A) , consistent with detection of reduced FLAG on the cell surface (Fig. 5) . The PAR-2 expression present in permeabilized cells was similar irrespective of the presence or absence of testisin (Fig. 7, B and D) , suggesting that the reduced PAR-2 on the cell surface is not due to a difference in total cellular PAR-2 expression. These data demonstrate that testisin facilitates PAR-2 loss from the cell surface. HeLa cells co-expressing the activation site mutant FLAG. PAR-2csm and GPI-Testisin (Fig. 7C ), or FLAG.PAR-2 and GPI-TestisinSA (Fig. 7B) , showed no significant change in PAR-2 cell-surface expression, demonstrating that the testisininduced PAR-2 loss requires specific cleavage at the P 1 -Argactivating cleavage site by proteolytically active testisin.
The cleavage of PAR-2 by surface-anchored testisin was further confirmed by cell surface biotinylation studies using HeLa cells expressing C-terminally GFP-tagged PAR-2 (PAR-2.GFP). The C-terminal GFP tag allows for the detection of full-length and cleaved PAR-2 with high antibody affinity by immunoblot. The presence of cell surface PAR-2.GFP detected in bead eluates after biotin labeling was significantly reduced in cells coexpressing PAR-2.GFP and active testisin (GPI-Testisin) compared with that seen with the PAR-2 cleavage mutant PAR-2. GFPcsm (Fig. 8A) . The reduction in cell surface PAR-2 was dependent on expression of active testisin as no reduction was observed with the GPI-TestisinSA mutant (Fig. 8A) . Analyses of whole cell lysates show that the total levels of PAR-2.GFP present under each condition were similar (Fig. 8B) , confirming that the reduction in cell-surface expression was not due to a change in total cellular PAR-2 expression.
HeLa cells expressing wild type GPI-Testisin or GPI-TestisinSA showed similar total testisin protein levels as detected by immunoblot using an anti-Testisin antibody (Fig.  8B) . When the blots were re-probed with an anti-HA antibody, however, a significantly increased signal for the GPI-TestisinSA mutant was detected compared with wild type testisin (Fig. 8B) . Detection of the HA tag is diagnostic for the single chain testisin zymogen, because when analyzed under reducing conditions by immunoblot, the HA tag, which is fused to the N-terminal testisin pro-domain, will be dissociated from the twochain catalytically active testisin. The increased levels of the zymogen form of testisin SA compared with wild type testisin may indicate that catalytically active testisin facilitates testisin zymogen activation.
Cleavage of PAR-2 by Testisin Induces PAR-2 Internalization-Cleavage of PAR-2 by other PAR-2-activating proteases, such as trypsin, is known to induce PAR-2 phosphorylation, internalization, and the initiation of specific intracellular signaling pathways (5) . The reduction in the level of cell surface PAR-2. GFP when co-expressed with wild type testisin was similar to the reduced levels seen when the cells were treated with the PAR-2-activating protease trypsin (Fig. 8A ), suggesting that PAR-2 may be internalized from the cell surface when activated by cell surface testisin. To specifically test this, HeLa cells transiently expressing PAR-2.GFP, PAR-2csm.GFP, or vector alone were surface biotin-labeled and treated with vehicle, rTestisin, or PAR-2 AP (SLIGKV) to allow endocytosis of surface-labeled PAR-2 induced by receptor activation (Fig. 9 ). At the indicated times, residual cell surface biotin was removed with a mild reducing agent, biotin-labeled proteins precipitated from whole cell lysates with streptavidin beads, and internalized biotin-labeled PAR-2 detected by anti-GFP immunoblot. The data showed that PAR-2.GFP internalization steadily increased over 15 min in response to both rTestisin and PAR-2 AP, with the internalized receptor detected by 5 min (Fig. 9 ). Under the same conditions however, there was no increase in internalization of PAR-2csm.GFP when treated with rTestisin, suggesting spe- cific activation and internalization of PAR-2 following activation cleavage by testisin.
Proteolytic Activation by Co-expressed Testisin Induces PAR-2-dependent Intracellular Signaling-Productive downstream PAR-2 signaling induced by testisin activation was investigated using gene promoter reporter assays and by cytokine gene induction. HeLa cells were co-transfected with expression vectors encoding PAR-2 and testisin and either an SRE-luciferase reporter plasmid or an NFB-luciferase reporter plasmid to measure PAR-2 signaling activities (Fig. 10, A and B) . Cells expressing PAR-2 show large increases in both SRE-and NFBluciferase reporter gene activities when co-expressing GPI-Testisin but not when co-expressing GPI-TestisinSA, the cleav-age-resistant PAR-2 mutant (PAR-2csm) or the empty vector (Fig. 10, A and B) .
The proteolytic activation of PAR-2 in a variety of epithelial cells has been found to induce the expression of several cytokines, specifically IL-8 and IL-6 (41, 44, 45) . HeLa cells co-expressing PAR-2 and GPI-Testisin similarly show a significant induction of IL-8 and IL-6 mRNA compared with cells expressing the cleavage-resistant PAR-2csm or GPI-Testisin alone, suggesting that the induction of these cytokines is due to the specific activation of PAR-2 by surface-expressed testisin (Fig.  10, C and D) . Taken together, the data show that testisin specifically induces functional signaling responses upon proteolytic activation of PAR-2.
DISCUSSION
PARs are important cellular signaling receptors for many diverse physiological processes. The mechanisms that regulate PAR surface expression and receptor activation are not yet well understood. In this study, we provide the first evidence for the activation of PAR-2 by a GPI-anchored serine protease. Testisin is able to specifically activate PAR-2 on the cell surface, inducing PAR-2 internalization and the activation of PAR-2-dependent intracellular signaling pathways and cytokine expression.
We find that both the soluble recombinant catalytic domain of testisin, endogenous testisin, and exogenous full-length GPIanchored testisin specifically cleave PAR-2 expressed on the surface of HeLa cells. Testisin cleavage of PAR-2 requires the Arg activation cleavage site within the N-terminal extracellular domain. This activation cleavage site has been shown to be utilized by other PAR-2 protease agonists to expose the tethered ligand, namely trypsin (46) , tryptase (47) , matriptase (16) , and TMPRSS2 (15) when analyzed in vitro. Although multiple proteases may activate PAR-2 through cleavage at the same activation site, it is becoming evident that PAR activation by Internalized PAR-2 was precipitated using streptavidin beads from whole cell lysates and detected by immunoblot with anti-GFP. Input PAR-2 indicates lysates that were not treated with MeSNA. Graphical analysis shows the % of the total PAR-2 that was internalized at each time relative to untreated cells as determined by densitometry of immunoblots and represents the mean Ϯ S.E. from two independent experiments. Testisin Activates PAR-2 FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 different agonist proteases, or even the activation of a PAR by the same agonist but in a different subcellular location, can result in the coupling and activation of distinct signaling pathways leading to diverse physiological outcomes, a phenomenon known as "biased agonism" (5, 49) . Here, we have used several different assay systems to evaluate the nature of the PAR-2activated signaling pathways induced by testisin cleavage in HeLa cells. Recombinant testisin was able to stimulate PAR-2dependent transient calcium release and ERK1/2 activation, which was not observed by treatment of cells expressing PAR-1 or the PAR-2 cleavage site mutants ( Figs. 3 and 4) . Additionally, co-expressed surface-bound GPI-anchored testisin was able to specifically promote PAR-2 activation, triggering intracellular signaling pathways that lead to SRE and NFB transcriptional activation, and the induction of IL-6 and IL-8 gene expression ( Fig. 10 ). Other aspects of known PAR-2-mediated signaling pathways and the ultimate downstream effects on cellular physiology imparted by testisin-mediated PAR-2 activation in comparison with other PAR-2-activating proteases remains to be determined, and they are likely to be cell type-and context-specific.
As opposed to a transient signal that may occur following cleavage of PAR-2 by a soluble agonist, PAR-2 activation by a co-expressed membrane-localized activating protease on the cell surface may be important for inducing a sustained pattern of cellular signaling. We found that when abundant testisin is present on the cell surface, PAR-2 is constitutively internalized and intracellular signaling pathways are continuously activated. It is likely that following activation by testisin, PAR-2 is quickly phosphorylated, endocytosed, and subsequently degraded, similar to the rapid desensitization and internalization following activation by trypsin (50) . In contrast to PAR-1, where stored intracellular pools of receptor move to the cell surface to replace activated and internalized PAR-1, repopulation of PAR-2 on the cell surface after activation requires de novo PAR-2 synthesis (3). This delay likely explains the reduced levels of cell surface PAR-2 in the presence of co-expressed testisin. The reduction of surface PAR-2 has several possible implications, because less PAR-2 is expected to be available for activation by other soluble proteases in the pericellular environment. Therefore, in cells expressing testisin, the impact of other PAR-2 agonists, such as trypsin or tryptase, could be diminished, potentially altering the signaling profile of the cell. In addition, the signaling through PAR-2 induced by testisin could affect cross-talk with other cell-signaling pathways.
The activation of PAR-1 or PAR-2 within the compartmentalized membrane microdomains is another mechanism of biased agonism, wherein differential intracellular signaling pathways are activated depending upon whether or not the PAR is localized within the cholesterol-rich lipid rafts on the cell membrane (51) . Cell surface testisin is known to be localized within lipid raft microdomains (22, 52) , and unlike other membrane-anchored serine proteases, testisin has not been found to be naturally shed from the cell surface, although we and others (23) find that testisin is released from cells in culture using exogenous bacterial phosphatidylinositol-specific phospholipase C. Lipid rafts provide signaling modules that can enhance interactions of proteins even at low concentrations within the rafts by bringing them into close proximity, as has been suggested for activation of PAR-2 by FXa-TF in lipid rafts (53, 54) . Of note, activation of PAR-2 by soluble proteases is unlikely to be specific for receptors present in lipid rafts versus other microenvironments on the membrane, whereas a PAR-2 agonist co-localized with the receptor within a lipid raft provides the opportunity for biased signaling dependent on the presence of specific lipid raft-associated adaptor proteins. In different tissue contexts, signaling downstream of PAR-2 induced by surface-anchored testisin within lipid rafts may differ from the activation of PAR-2 by other soluble agonist proteases.
Because testisin is expressed endogenously by select cell types, the tissue specificity and cell-selective induction of testisin may be an important factor in the regulation of PAR-2mediated cellular responses. Testisin is abundant in sperm where it has been shown to be required for processes of sperm cell maturation important for sperm motility and fertilizing ability in mice (26, 27) . Both testisin and PAR-2 are expressed on the head region and midpiece of human spermatozoa (55) . Whether testisin functions as an endogenous activator of PAR-2 in sperm is not known, but PAR-2 activation has been associated with the regulation of sperm motility following trypsin activation (55, 56) .
Overexpression of testisin has been documented in several cancers, specifically ovarian cancers (29, 30) . Testisin has been shown to promote malignant transformation when overexpressed in cultured tumor cells and also in mouse xenograft tumor models (30) . siRNA-mediated knockdown of testisin in human tumor cell lines results in increased apoptosis and diminished ability to form colonies in soft agar (30) . PAR-2 activation is implicated in the pathology of multiple tumors because downstream signals can promote cell proliferation, invasion, migration, and angiogenesis (6, 57, 58) . Immunohistological staining of tumor specimens from ovarian cancer patients has shown that PAR-2 expression in tumor cells is increased with clinical tumor stage and correlates with reduced survival rate (59) . In other tumor types, the activation of PAR-2 can induce the expression of anti-apoptotic proteins and prevents apoptosis induced by loss of cell adhesion (60, 61) . The molecular mechanisms by which testisin increases tumor development are not known, but PAR-2 may represent a pathological substrate for further study.
In summary, the activation of PAR-2 by testisin reveals a novel biological substrate for testisin that may uniquely influence PAR-2 activation and the induction of downstream signaling pathways.
